We have recently reported that the atrioventricular (AV) nodal mechanism functions to cancel fluctuation in the atrial excitation interval during a stair-stepping exercise. However, it remained unknown at which level of heart rate (HR) this mechanism started to operate and whether fluctuation in the interval might influence AV conduction over the following beats. To solve these questions, the variability of PP, RR, and PR intervals and their interrelationships were analyzed throughout ergometer exercise in eight subjects. The variability of the RR interval decreased to 0.7% of the control at 160 beats/min during exercise, much more than the PP interval variability, which decreased to 10%, despite the same shortened average interval. In contrast, the PR interval variability tended to increase by 87% during exercise, but the mean PR interval decreased. A strong inverse relationship between PP and the subsequent change in PR [∆PR] intervals became evident during exercise, implying that the ∆PR interval canceled fluctuation in the PP interval. However, there was little correlation between the RR and ∆PR intervals and between the PP interval and the next PR intervals in the forthcoming beat. When the slope of the PP-∆PR relationship, considered as sensitivity of the AV nodal function opposing an alteration in the PP interval, was plotted against the PP interval, the AV nodal function curve was approximated to a sigmoidal curve having a threshold of PP interval near 650 ms and a maximum plateau level of the slope near 1.0. We conclude that when HR exceeds 90-100 beats/min during dynamic exercise, the AV nodal mechanism will function to cancel fluctuation in the PP interval within one beat and keep the RR interval constant.
The atrioventricular (AV) node plays an important role in producing a time delay between atrial and ventricular excitation to ensure appropriate ventricular filling. The AV conduction time is monitored as a PR interval from an electrocardiogram (ECG) or as a time interval between atrial and ventricular or His-bundle potentials from intracardiac electrodes. The beat-to-beat changes in AV conduction are controlled by both extrinsic and intrinsic mechanisms [1] [2] [3] [4] . Both divisions of the autonomic nervous system richly innervate the AV node [2, 5, 6] . Stimulation of the cardiac sympathetic nerve facilitates AV conduction, whereas cardiac parasympathetic nerve stimulation impedes AV conduction [1, 2, 7] . Thus the neurogenic alterations in AV conduction occur in parallel with the changes in sinoatrial rhythm. On the other hand, an intrinsic mechanism that the AV node has affects AV conduction time as opposed to an alteration in sinoatrial rhythm. For example, when atrial pacing decreases cardiac cycle length, the AV interval lengthens [3, 4, [8] [9] [10] . Neither the autonomic blockade nor cardiac denervation affects the response in AV conduction, supporting an intracardiac origin of the cycle length dependent effect [4, [8] [9] [10] . Although both extrinsic autonomic and intrinsic mechanisms that have opposite influences on AV conduction are considered to regulate AV conduction time, their relative contribution during exercise in the daily life of humans remains to be solved.
It is well known that the variability of the RR interval decreases during exercise [11] . Recently we have provided a new insight about the beat-to-beat modulation of AV conduction and control of atrial and ventricular rhythms during stair-stepping exercises in humans [12] . We found that the variability in the RR interval became much smaller than the PP interval during stair-stepping exercises. On the contrary, the variability in the PR interval increased during exercise. Moreover, a strong inverse relationship between the PP interval and the subsequent change in the PR interval (∆PR) was observed during exercise, but not during resting, implying that the opposite change in AV conduction time will cancel beat-to-beat fluctuation in the preceding atrial excitation rhythm. However, it remained unknown at which level of HR the AV nodal mechanism started to operate during dynamic exercise in humans; this is because the stair-stepping exercise was not suitable to test the relationship between the PP and ∆PR intervals among different levels of HR. To solve this problem, we examined the beat-to-beat relationship between the PP and ∆PR intervals, using a cycle ergometer exercise, which allowed the subjects to regulate HR, adjusting the workload themselves. Moreover, it remained unknown whether fluctuation in an atrial excitation interval might influence AV conduction over the following few beats. We studied therefore the beat-to-beat interrelationship among the PP, RR, PR, and PR intervals over all the beats throughout the experiments, which was accomplished by automatically recognizing the P wave and QRS complex of ECG, using customized computer software and analyzing abundant continuous data more objectively than in our previous study [12] .
METHODS

Subjects.
Eight sedentary subjects (4 males and 4 females; age, 28 ± 4 yrs; height, 163 ± 2 cm; body weight, 53 ± 3 kg) participated in this study. None of them had a medical history of any cardiovascular disease or took any medication. Also, none of them was a smoker. This study was performed in accordance with the Declaration of Helsinki and was approved by the Institutional Ethics Committee. The experimental protocols and procedures were well explained to all participants in advance and written informed consents were obtained.
Exercise test. All subjects performed cycle ergometer exercise to increase heart rate (HR) from the baseline at four different levels of 100, 120, 140, and 160 beats/min; in addition, the two subjects performed exercise at the other four levels of 90, 110, 130, and 150 beats/min. After sitting quietly on a cycle ergometer (AEROBIKE 75XLII, Combi Corporation, Tokyo, Japan) for a period of 20-30 min to stabilize cardiovascular parameters, each one started cycle ergometer exercise with a constant pedaling rate at a frequency of 50 rpm. Each subject adjusted a workload to attain each of the HR levels and kept that level for 1-2 min. Following the cessation of ergometer exercise, the subjects were requested to cool down for 1 min and thereafter to continue sitting during a recovery period of 10 min.
Measurements. A pair of electrodes (Magnerode, TE-18M-3, Fukuda Denshi, Tokyo, Japan) and a ground electrode were attached to the chest for measurement by electrocardiogram (ECG). The ECG signal and respiratory movements were monitored with a telemetry system (DynaScope DS-3140, Fukuda Denshi, Tokyo, Japan) in all subjects. A blood pressure cuff was attached to the middle fingers of the left hands of five subjects for noninvasive and continuous monitoring of arterial blood pressure (AP) with a Finometer (Finapres Medical Systems BV, Arnhem, the Netherlands). ECG, AP, and a marking signal were simultaneously stored in a computer with an analogdigital converter (MacLab/16, AD Instruments, Sydney, Australia) at a sampling frequency of 1 kHz. At the start of the experiments, blood pressure measured with the Finometer was corrected by return flow calibration, which used AP recorded in the left upper arm by a sphygmomanometric auscultation method. The AP waveform was also sampled with the Finometer at a frequency of 200 Hz. The beat-to-beat values of mean arterial blood pressure (MAP) and HR were calculated from the blood pressure An example of an ECG wave. P(k) and R(k) represent the onset time of the P k-th wave and the peak time of the QRS complex k-th , respectively. The PR interval (denoted PR [k] ) is defined as a time difference between P(k) and R(k). The PP and RR intervals of the beat k-th are denoted PP(k) and RR(k), respectively. A difference in PR interval between the two contiguous beats is denoted
. By definition, the RR interval equals a sum of PP(k) and ∆PR(k); RR(k) = PP(k) + ∆PR(k). This equation implies that if the PR interval responds inversely to a change in the PP interval, the RR interval remains constant.
signal. Furthermore, we simultaneously measured the beat-to-beat values of stroke volume (SV), cardiac output (CO), and total peripheral resistance (TPR) by using a Modelflow software (BeatScope 1.1, Finapres Medical Systems BV, Arnhem, the Netherlands). This method used a nonlinear three-element model of aortic input impedance to compute aortic blood flow from the arterial pressure waveform [13] . The noninvasive method has been reported to provide reliable data about the group-averaged value of CO during dynamic exercise, in comparison with CO determined by a CO 2 -or acetylene-rebreathing [14, 15] , Doppler ultrasound [16] , or pulse dye densitometry method [17] . PP, RR, and PR intervals. PP, RR, and PR intervals were defined as illustrated in Fig. 1 . P(k) and R(k) in the k-th beat represented the onset time of the P k-th wave and the peak time of the QRS complex k-th , respectively. P wave and the peak of the QRS complex were automatically recognized with a Fluclet ® WT software (Dainippon Pharmaceutical, Osaka, Japan). The PR interval in the k-th beat (denoted PR[k]) was defined as a time difference between P(k) and R(k). The PP and RR intervals of the beat k-th were denoted PP(k) and RR(k), respectively. We used the PR interval as an index of AV conduction time. A difference in PR interval between the two contiguous beats was denoted ∆PR (Fig. 1) .
The ECG and cardiovascular data were sampled at the different levels of HR. We also calculated the means and variance (Var) of PP, RR, PR, and ∆PR intervals from the ECG data. The RR interval equaled a sum of PP(k) and ∆PR(k), as shown by Eq. 3. We defined an independency index as a parameter showing an interaction between PP and ∆PR intervals, according to Eq. 9. The time course of the beat-to-beat changes in heart rate (HR), stroke volume (SV), cardiac output (CO), mean arterial pressure (MAP), and total peripheral resistance (TPR) throughout the experiment in one subject. The dotted vertical lines indicate the onset and offset of exercise. After sitting quietly on a cycle ergometer, the subject performed dynamic exercise with different levels of HR for 20 min. Immediately following cessation of the dynamic exercise, the subjects were requested to cool down for 1 min and to continue sitting for 10 min. 
γ: Correlation coefficient between PP(k) and ∆PR(k)
If PP(k) and ∆PR(k) changes independently, the independency index becomes one according to the Eq. 9. On the other hand, if the PR interval responds inversely to a change in the PP interval, the RR interval remains constant and its variability becomes low, indicating that the independency index becomes close to zero.
Statistical analysis. The mean values and variance of PP, RR, PR, and ∆PR intervals (n = 8 subjects) and other cardiovascular parameters (n = 5 subjects) were statistically compared among the different levels of HR by a one-way analysis of variance (ANOVA) with repeated measures. If a significant F value in the main effect was present, a Dunnett post hoc test was performed to compare the mean value of a given variable with the resting control. To examine a significant difference in variability between the PP and RR intervals, an F test was performed at each HR level in individual subjects. Furthermore, a linear regression analysis was performed to examine the relationship between the PP and ∆PR intervals at each of the HR levels. The level of statistical significance was defined as P < 0.05. All data in the text, table, and figures are indicated as means ± SE.
RESULTS
The hemodynamic responses during exercise
The beat-to-beat cardiovascular changes throughout the experiment in one subject are demonstrated in Fig. 2 . The average cardiovascular responses during exercise are summarized in Table 1 . As soon as cycle ergometer exercise started, HR and SV increased, indicating a quite large increase in CO. During the latter period of exercise, HR was increased by voluntarily adjusting workload, whereas SV showed no further increase, indicating that HR contributed to a further increase in CO. The MAP continued to increase until the exercise was ended. TPR was abruptly decreased at the start of the exercise, but showed no further reduction during the latter period of exercise. As soon as the ergometer exercise was ended, MAP quickly returned to the baseline level, whereas HR, CO, and TPR gradually returned to the baseline levels in approximately 300 beats. Figure 3 exemplifies continuous beat-to-beat changes in PP, RR, PR, and ∆PR intervals throughout the experiment in the same subject as Fig. 2 . The mean PP interval progressively decreased during exercise. The mean RR interval always followed the PP interval during exercise as well as during resting. Although the variability of the PP interval also reduced during exercise, the substantial variability was found to be even at 160 beats/min. However, the variability of the RR interval did not reflect that of the PP interval. Particularly at a higher HR level of 140-160 beats/min, the variability of RR interval virtually disappeared. The mean PR interval was decreased during exercise; the decrease in the PR interval became obvious when HR reached 140-160 beats/min. In contrast to the diminished variability of PP and RR intervals, the variability of the PR and ∆PR intervals were increased during exercise. The spikelike changes in the PR interval appeared during exercise; the higher the HR, the more frequent the spikelike changes. After the cessation of exercise, the RR interval again followed the PP interval. The spikelike changes in the PR interval disappeared, and the variability of the PR and ∆PR intervals returned to the baseline levels.
Beat-to-beat changes in PP, RR, PR, and ∆PR intervals during exercise
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The variability of PP, RR, PR, and ∆PR intervals during exercise
When the variance (Var) of PP, RR, PR, and ∆PR intervals were quantitatively examined ( Fig. 4 and Table 1 ), the Var of the PP interval was the same as the RR interval before exercise in all subjects. However, we found that the Var of the RR interval showed a more significant reduction during exercise than that of the PP interval at 100 beats/min in five of eight subjects and at 120-160 beats/ min in all subjects tested. When HR reached 160 beats/ min, the Var of the PP interval decreased to approximately 10% of the control value before exercise, whereas the Var of the RR interval largely decreased to 0.7% of the control value ( Fig. 4 and Table 1 ). In contrast to the Var of the PP and RR intervals, in the PR and ∆PR intervals it tended to augment by 87% and 52% during exercise, respectively. The Var of the ∆PR interval was always greater than that of the PR interval, indicating a large beat-to-beat variation of the PR interval. The independency index, defined as the ratio of the Var of RR and a sum of the Var of the PP and ∆PR intervals, was close to one before exercise, implying that changes in the PR interval seemed to be independent of changes in the PP interval (Fig. 4) . As HR increased during exercise, the independency index became nearly zero, suggesting a strong interaction between changes in the PP and PR intervals.
Relationship between PP, RR, and PR intervals
To clarify the interaction between the PP, RR, PR, and ∆PR intervals, their beat-to-beat changes over the consecutive 70 beats/min before exercise and at 160 beats/min during exercise are demonstrated in Fig. 5 . The PP and RR intervals both varied correspondingly before exercise; there was a highly significant correlation between them. However, there was little correlation between the PP and The beat-to-beat changes in PP, RR, PR, and ∆PR intervals are shown with a faster speed before and during exercise at 160 beats/min in one subject. The PP and RR intervals both varied correspondingly before exercise. On the other hand, the PP and RR intervals varied dissimilarly during exercise. The variation of the PP interval was observed even at a higher HR during exercise, whereas the RR interval was almost constant. When the PP interval changed from the average level during exercise (as indicated by asterisks), the PR interval changed inversely.
PR intervals, despite some synchronized alterations between them. On the other hand, the variation of the PP interval was still observed at a higher HR during exercise, whereas the RR interval was almost constant, indicating no substantial correlation. When the PP interval changed from the average level during exercise (as indicated by asterisks in Fig. 5 ), the next PR interval changed inversely. Indeed, there was a significant correlation between PP and the next PR interval. Furthermore, the PR interval of the further next beat returned to the average level. This result indicated that a fluctuation in the PP interval during exercise was canceled by the PR interval within one heart beat. This trend was observed in all subjects. Considering that the RR interval equaled a sum of PP(k) and the subsequent change in the PR interval (∆PR[k]), it was possible that there might be an inverse relationship between the PP(k) and ∆PR(k) intervals during exercise. To examine the relationship between them, the paired data of the PP(k) and ∆PR(k) intervals were analyzed by a linear regression test, exemplified in Fig. 6 . During rest, there was no significant correlation between the PP(k) and ∆PR(k) intervals in all subjects; the correla- Although there was no significant correlation between the PP and ∆PR intervals during rest, a strong inverse relationship was observed during exercise. On the contrary, no significant correlation was found between the RR and ∆PR intervals during exercise or rest.
tion coefficient (γ) was low (0.25 ± 0.06), and the slope of the regression line was close to zero (-0.11 ± 0.03). In contrast, we found a strong inverse relationship (P < 0.05) between the PP(k) and ∆PR(k) intervals during dynamic exercise in all subjects; the more HR increased during exercise, the steeper and more correlative the negative slope of the regression line became and the closer it approached one (-0.92 ± 0.02 at 160 beats/min). The correlation coefficient (γ) was 0.96 ± 0.01 at 160 beats/min. Despite the same ∆PR intervals, however, no significant correlation was found between RR(k) and ∆PR(k) intervals during dynamic exercise or during rest in all subjects (as shown in Fig. 6 ). As HR increased during exercise, the RR interval became stable around the average levels. To examine whether the cumulative effect of the PP interval on AV conduction time may affect response in the PR interval, the paired data of the PP(k) and ∆PR(k+1) intervals were analyzed by a linear regression test, as shown in Fig. 7 . No significant correlation was found between the PP(k) and ∆PR(k+1) intervals during rest. There was a significant but weaker positive correlation between the PP(k) and ∆PR(k+1) intervals during exercise than the in- verse relationship between the PP(k) and ∆PR(k) intervals; the correlation coefficient was 0.33 ± 0.16 at 160 beats/min. Similarly, there was little or no correlation between the paired data of the PP(k) and ∆PR(k-1) intervals during exercise and rest.
The effect of the atrial excitation interval on the sensitivity of the inverse relationship between PP and ∆PR intervals
The negative slope of the relationship between the PP interval and the subsequent changes in the PR interval (=∆PR[k]/PP[k])was considered as sensitivity of the AV nodal function opposing an alteration in the atrial excitation interval. To examine the possible effect of the atrial excitation interval on this sensitivity, the slope of the PP-∆PR relationship was plotted against the average level of the PP interval, as shown in Fig. 8 . Because the original data showed the lower and higher plateaus, neither a linear nor an exponential curve could explain the characteristics of the relationship. Thus we adopted a sigmoidal model as a better, simple curve for this study. In fact, the residual square sum of the sigmoidal regression model was much smaller than that of the linear or exponential curve fitting. The lower and higher plateau levels were estimated as 0.09 and 0.95, respectively, by use of the sigmoidal fitting. We defined a 15% level of the operating range between the two plateaus as the threshold level. The 15% level of the slope corresponded with the PP interval of 650 ms (HR, 92 beats/min). When the PP interval decreased to 569 ms (105 beats/min), the first derivative of the fitting curve reached maximum. Moreover, when it decreased to 481 ms (HR, 125 beats/min), the slope exceeded the 85% level of the operating range.
DISCUSSION
We have recently reported that the AV node has an ability to alter AV conduction time as opposed to beat-to-beat fluctuation in the atrial excitation interval and to maintain the ventricular excitation interval constant during a stairstepping exercise [12] . However, little was known about which level of HR the AV nodal mechanism started to operate during dynamic exercise or whether an alteration in the PP interval affected the change in AV conduction time within one beat or over a few beats. To answer these questions, we analyzed the variability of PP, RR, and PR intervals among the different levels of HR during cycle ergometer exercise in sedentary humans. The variability in the RR interval decreased much more during ergometer exercise than the PP interval variability did. On the contrary, the variability in the PR interval tended to increase. A strong inverse relationship between the PP interval and the subsequent change in the PR interval (∆PR) within the same beat became evident during dynamic exercise. These results were fundamentally the same as our previous findings [12] , despite the different mode of exercise. Furthermore, we found two new findings about the modulation of the AV nodal function during dynamic exercise. First, since the next ∆PR interval in the forthcoming beat had a significant but poorer positive correlation with the PP interval, an alteration in the PP interval is predominantly canceled by ∆PR within one beat. The negative slope of the relationship between the PP and ∆PR intervals was considered as sensitivity of the AV nodal function opposing an alteration in the atrial excitation interval. Second, we found that the negative slope of the relationship between the PP and ∆PR intervals had a sigmoidal function curve against the average level of the PP interval. Using the sigmoidal fitting, we estimated the lower and higher plateau levels as nearly zero and one, respectively. We defined a 15% level of the operating range in the slope between the plateaus as the threshold level, at which the slope of the PP-∆PR relationship started to rise beyond the lower plateau level. The 15% level of the slope corresponded with a PP interval of 650 ms (HR, 92 beats/min). We also defined an 85% level of the operating range as the higher threshold level, at which the slope of the PP-∆PR relationship approached the higher plateau level. The 85% level of the slope corresponded with a PP interval of 481 ms (HR, 125 beats/min). The maximum of the first PP interval (ms) Fig. 8 . The average slope of the PP-∆PR relationship is plotted against the average level of the PP interval. By fitting a sigmoidal curve to the data, the lower and higher plateau levels were estimated as 0.09 and 0.95, respectively. We defined a 15% level of the operating range between the plateaus as the threshold level. The 15% level of the average slope corresponded with a PP interval of 650 ms (HR, 92 beats/min). When the PP interval decreased to 569 ms (105 beats/min), the first derivative of the fitting curve reached maximum. Moreover, when the PP interval decreased to 481 ms (HR, 125 beats/min), the slope exceeded the 85% level of the operating range.
derivative of the fitting curve, which appeared at a PP interval of 569 ms (HR, 105 beats/min), showed that the slope of the PP-∆PR relationship changed the most. Based on these findings, we conclude that the intrinsic AV nodal mechanism starts to operate at 90-100 beats/min and fully functions over 125 beats/min to cancel fluctuation in the PP interval by the opposite change in the PR interval within one beat and to stabilize the RR interval.
Limitations
The P wave and the QRS complex of ECG were automatically recognized in this study, which enabled us to analyze abundant continuous data. However, several potential limitations remained regarding measurements and explanations of the data. The first one was related to the measurement of AV conduction time. Because we did not directly measure the atrial-His bundle (AH) interval with the His-bundle recording, it remained unknown whether change in the PR interval might reflect change in the AV conduction time, which is a sum of the AH interval and the His-ventricular (HV) interval. Although the AH interval was changed by atrial pacing or by stimulating the right stellate ganglion in dogs, the HV interval did not virtually alter [4, 18] . The result suggested that changes in AV conduction time mainly depend on changes in the AH interval. Thus the responses in the PR interval examined in this study seem to reflect changes in the AH interval. The second limitation was a pacemaker shift resulting from cardiac sympathetic stimulation during exercise. Goldberg et al. [18] reported that the initial cardiac activation appeared in the sinoatrial node in 68% of experiments with electrical stimulation of the right or left stellate ganglion, and the remaining 32% were distributed in the nonsinoatrial region. If such a pacemaker shift takes place in association with cardiac sympathetic activation during dynamic exercise in humans, the PP and PR intervals will decrease simultaneously. This situation may explain the shortening of the average PR interval during exercise in parallel with the average PP interval. However, it is difficult for such a pacemaker shift to explain both the augmented variability of the PR interval and the inverse relationship between the PP and PR intervals. Thus it is very unlikely that a pacemaker shift may cause dynamic changes in the PR interval during exercise, if any. Finally, we lacked an experimental intervention to assess the relative contribution of intrinsic and extrinsic factors to the regulation of AV conduction. For this to be solved, either cardiac denervation or autonomic blockade will be needed in humans. As a result of previous literature [1, 2, 10] , however, it is suggested that the in-phase relationship between the PP and PR intervals during exercise reflects the extrinsic autonomic mechanism, while the inverse relationship reflects the intrinsic mechanism of the AV node. Therefore the inverse relationship between the PP and PR intervals during exercise observed in this study may be due to the intrinsic mechanism of the AV node.
Inadequate use of the variability of RR interval during exercise
A time-or frequency-domain analysis of the variability of the HR or RR interval has been widely used as an indirect estimate of cardiac autonomic activity to the sinoatrial node [11, [19] [20] [21] [22] . The basic assumption for this analysis is that the variability of the RR interval is always coincident with the variability of the PP interval. During rest, the variability of the PP and RR intervals was the same (Figs. 4 and 5) , which confirmed the assumption. However, the variability of the RR interval became much smaller during dynamic exercise than that of the PP interval (Figs. 4 and 5) , despite the same shortened average interval. This finding was basically the same as our previous study [12] , despite the different mode of exercise (stairstepping exercise vs. cycle ergometer exercise). Furthermore, the methodological improvement in the detection of the P and R waves provided more objective and abundant data than the manual and limited measurement used in our previous study. Therefore the present result reconfirmed that the variability of the RR interval does not always reflect cardiac autonomic nervous activity to the sinoatrial node, especially during dynamic exercise [12] .
The relationship between PP, RR, and PR intervals
The RR(k) interval equals a sum of the PP(k) interval and the subsequent change in the PR(k) interval in a given beat k-th (∆PR[k]), regardless of HR level. During resting, there was a highly significant correlation between the PP(k) and RR(k) intervals, whereas little correlation between the PP(k) and PR(k) intervals was found. Thus the PR interval does not respond to an alteration in the PP interval during rest; i.e., ∆PR is nearly zero (Figs. 3 and 5) , implying that the RR interval succeeds the PP interval. On the contrary, the RR interval became constant during exercise despite substantial variability in the PP interval, and it had no significant correlation with the PP interval, implying that the RR interval does not follow the PP interval during exercise and that the ∆PR plays an important role in canceling PP interval variability. This conclusion was also supported by the finding that the independency index decreased to near zero when HR increased to 160 beats/ min during exercise (Fig. 4) . More directly, we found a strong inverse relationship between the PP(k) and ∆PR(k) intervals during dynamic exercise in all subjects. However, there was no significant correlation between the RR(k) and ∆PR(k) intervals during exercise or rest. Taken together, these findings suggest that fluctuation in the PP interval, but not in the RR interval, causes an inverse change in the PR interval. 
The variability of PR interval during dynamic exercise
Once HR reached nearly 90-100 beats/min during ergometer exercise, spikelike changes in the PR interval appeared: the higher HR became, the more frequently spikelike changes in the PR interval occurred (Fig. 3) . It is interesting that these changes disappeared after cessation of the ergometer exercise. When the beat-to-beat changes in the PP and PR intervals were simultaneously examined before and during exercise (Fig. 5) , the spikelike change in the PR interval appeared in the opposite direction of a spontaneous change in the PP interval, and this fluctuation in the PP interval was canceled by the change in the PR interval within the same beat. As a possible mechanism of such beat-to-beat PR interval modulation, either the extrinsic autonomic or the intrinsic mechanism of the AV node is considered. Cardiac vagal nerve activity has an ability to modulate AV conduction within one beat [2] . However, if it modulates the PR interval, this interval will be changed in parallel with the PP interval [1, 2] . On the other hand, an intrinsic mechanism that the AV node possesses affects AV conduction time, as opposed to an alteration in sinoatrial rhythm [3, 4] . Therefore the intrinsic mechanism of the AV node, rather than the extrinsic vagal mechanism, can contribute to such compensatory modulation of the PR interval.
The cycle length dependent or cumulative effect has been proposed as an underlying mechanism of the intrinsic property of the AV nodal function. Billette [23, 24] reported that AV conduction time depends mainly on the length of the preceding His-atrial interval and that one short cardiac cycle is able to produce shortenings in both the AV nodal functional refractory period and the AV conduction time, which are dissipated almost completely after one cardiac cycle. On the other hand, Han and Moe [25] , in reporting the cumulative effect over several beats, claimed that the influence of the immediately preceding cycle on the refractory period of the AV node was usually greater than the influence of prior cycles, but that some influence persisted for at least 12 cycles. In this study, the spikelike change in the PR interval appeared in the opposite direction of a change in the PP interval, and thereafter the PR interval in the succeeding cardiac beat returned to the average level (Fig. 5) , indicating that a fluctuation in the PP interval does not induce a long-lasting effect over beats. Indeed, when we examined the relationships between PP(k) and ∆PR(k-1) intervals and between PP(k) and ∆PR(k+1) intervals, there was little correlation in either paired data. Taken together, it is quite likely that an alteration in the PP interval causes an inverse change in the PR interval within one beat, but does not induce a cumulative effect on PR intervals over beats.
The characteristics of an AV nodal function curve during exercise in humans
When the PP interval was shorter than approximately 500-600 ms by atrial pacing, the AV conduction time was increased as an intrinsic property of the AV nodal function, judging from Fig. 1 of Teague et al. [3] and Fig. 2 of Page et al. [26] . However, it is difficult to estimate the AV nodal function of the natural heart during exercise in humans. In this study the negative slope of the relationship between the PP and ∆PR intervals was considered to be a sensitivity of the AV nodal function opposed to an alteration in the atrial excitation interval. When examining the effect of a PP interval on AV nodal sensitivity, we found that the PP interval slope curve can be approximated to a sigmoidal curve (Fig. 8) . If the PP interval becomes shorter than a threshold level of approximately 650 ms, the slope of the PP-∆PR relationship starts to rise beyond the lower plateau level, in agreement with our previous study [12] . This result suggests that the AV nodal function may operate when HR reaches 90-100 beats/min; i.e., it can operate during voluntary movement in daily life. Furthermore, we found that the PP interval slope curve had the higher plateau level, at which the negative slope was nearly 1.0, and that the slope did not exceed that level. Thus it is suggested that the PR interval will not change more than the change in the PP interval during exercise. It is possible that the intrinsic AV nodal function may be modulated, depending on a physiological and/or a pathophysiological condition. For example, long-term endurance training lowers the baseline HR and augments HR variability, suggesting an increase in cardiac parasympathetic outflow [11] . If so, it is very likely that endurance training modifies the intrinsic AV nodal function during dynamic exercise. Indeed, our previous study [12] suggested that the AV nodal function curve in the exercise-training group was shifted toward the right, i.e., toward a longer atrial cycle length. However, it remains to be solved which mechanisms are responsible for this shift of the AV nodal function curve.
